In this paper, we present recent development of phantoms of coronary arteries with representative mechanical properties. The phantoms were made of poly(vinyl alcohol) cryogel (PVA-C). Multilayer phantoms were fabricated by an overmoulding process. The optical properties are adjusted in each layer by the different number of freeze-thaw cycles in combination with additives. The mechanical properties of the multilayer phantoms are characterized, and various means for improving the strain hardening are investigated.
INTRODUCTION
Over the last few years, we have developed a method for the fabrication of artery phantoms for intravascular optical coherence tomography (IV-OCT) [1] . Using different mixtures of alumina and carbon black in silicone, the resulting materials mimic the amplitude and total attenuation of the OCT signal from the different artery layers. We then construct the phantoms in the form of multilayer tubes. With small modifications allowing the addition of various inclusions, this method has evolved into a very versatile process to fabricate complex phantoms of pathological arteries [2] .
The phantoms can also mimic the elastic behavior of porcine arteries by adjusting the formulation of the silicone used as the matrix material. Unfortunately, this only applies to small deformations. For higher deformations, the elastic behavior of the silicone remains linear, whereas arteries show high non-linearity. When a certain deformation is reached, the stress within the tissue starts increasing more rapidly with further deformation. This effect is called the strain hardening.
Phantoms that mimic both the OCT signature and the non-linear mechanical behavior of arteries up to large deformations would help the development and testing of different applications such as OCT elastography or OCT monitoring of angioplasty procedures.
We previously reported preliminary results for a method in which poly(vinyl alcohol) cryogel (PVA-C) is used as a matrix material to fabricate artery phantoms with strain hardening [3] . We presented relations describing the amplitude and the total attenuation of the OCT signal with variation of the number of freeze-thaw cycles (FTCs) used to obtain the cryogels. Since the number of FTCs can only take discrete values, more freedom on these properties can be gained by the use of additives. Characterization of the amplitude and of the total attenuation of the OCT signal was performed on slab-shaped samples of PVA-C with varying concentrations of different additives. Alumina was mainly used to increase the amplitude, and block printing ink was mainly used to increase the total attenuation of the OCT signal. Mechanical characterization was also performed on slab-shaped samples. It showed that PVA-C did present the desired strain hardening, but not to the extent found in porcine coronary arteries.
In this paper, we present progress made toward the realization of artery phantoms that exhibit strain hardening with PVA-C. We first present the fabrication method and resulting OCT images of multilayer tubular PVA-C phantoms. We then present the mechanical characterization of the multilayer phantoms, and the mechanical characterization of samples made with different strategies to increase the strain hardening.
ARTERY-LIKE PHANTOMS

Method
In order to fabricate multilayered and tubular phantoms of PVA-C, we use a process of overmoulding. A stainless steel (SS) shaft serves as a mandrel to shape the lumen of the phantom; a set of SS tubes, with different inner diameters, serves as moulds to form the outer surface of each layer. First, the shaft and the smallest tube are mounted and aligned concentrically in polycarbonate end housings. The gap (about 300 microns) between the shaft and the tube is then filled by injecting a solution of PVA in water, the PVA hydrogel (PVA-H). Once filled, the assembly is put in an environmental chamber for at least one controlled FTC. After the FTC, the outer tube is replaced with a larger diameter tube, and the process is repeated until the desired number of layers (three in the case of artery phantoms) is reached. Fig 1 shows a photograph of the shaft, inserted in a tube, and the housings. 
Shaft (I.D.) Tube (O.D.) Housings
In previous work, we fabricated slab-shaped samples using different numbers of FTCs and adding different concentrations of alumina and block printing ink. OCT measurements were performed on the samples to characterize the dependency of the amplitude and of the total attenuation of the OCT signal to these parameters. Other parameters that influence cryogel properties, like the concentration of PVA in the hydrogel, the temperatures reached during the FTCs, the rate of variation between those temperatures, etc, were kept constant. The concentration of PVA in hydrogels was 10% and one FTC was defined as sequential cooling, then warming, between -20 and +20 °C at a rate of 0.1 o C/min, with a one hour hold at -20 o C.
Multilayer phantoms are fabricated by the overmoulding process described above, which causes the number of FTCs to be incremented between each layer, starting from the inner layer. The phantoms are fabricated with three mixtures of PVA-H with different concentrations of alumina and ink. The concentration of PVA in the hydrogel and the definition of the FTCs remains the same as before for all samples. For the first phantoms we fabricated, the formulation of each layer was based on the previous characterization experiments and on target values of the amplitude and total attenuation of each artery layer. However, the resulting phantoms did not have the expected contrast typical of arteries in OCT images. This contrast can be qualitatively described as well delineated signal rich, signal poor and signal rich layers that respectively correspond to the intima, the media, and the adventitia.
Other phantoms were fabricated with revised formulations to improve the contrast. After the overmoulding process, the three layers of these phantoms had the following formulations: The multilayer phantoms were imaged with our custom built IV-OCT system. The system has been described in a previous publication [4] . Fig. 2 shows two images from an OCT pullback acquired on one of these phantoms. The image on the left shows the rich-poor-rich signal expected from the formulations used for each layer. There is also very good delineation between all the layers. However, taken in a different region of the sample, the image on the right does not present the same delineation between layer 1 and 2. There is also a loss of visibility of layer 3, as its inner boundary is well observed, but its outer boundary is not. Regions giving images similar to the image on the right were frequently observed in the phantoms. The reasons for the loss of contrast between layers 1 and 2 in some regions were investigated through several experiments. In one of these experiments, we investigated the effect of the difference in thickness between slab-shaped samples and multilayer artery phantoms on the resulting cryogel. Fig. 3 shows OCT images of two PVA-C samples. Both were made of 10% PVA-H without additives, both went through 2 FTCs, and both were made in flat SS moulds. However, one was made with 4 mm spacing between plates, and the other was made with 0.380 mm spacing. It can be observed that in the 4 mm sample, the scattering is more homogeneous than in the 0.380 mm sample, where several clusters of high signal can be observed. This loss of uniformity observed in thinner samples is believed to be responsible for the lack of contrast observed in the multilayer sample of Fig. 2 .
In future work, in order to avoid losing the contrast between layers due to small thicknesses, we will change the overmoulding process for an alternate process where all layers are exposed to the same number of FTCs. The difference in optical properties in each layer would then only be provided by additives, which will insure good contrast and delineation. We also expect this alternate process to improve the uniformity of the samples. The three layers would be exposed to FTCs together, with the phantom at is final thickness through all the FTCs, instead of starting with very thin layer, and then successively building the other layers. 
INCREASED STRAIN HARDENING
Uniaxial tensile tests were performed on different strip samples to characterize their mechanical properties using a standard mechanical tester (ElectroForce 3200, EnduraTEC, Bose).
Multilayer phantom
The mechanical characterization of the multilayer phantom from Fig. 2 is presented in Fig. 4 . The phantom is compared to a strip of silicone with the formulation used in our usual method. It is also compared to target values of human artery layers extracted from the literature. Holzapfel et al. performed tensile tests in both the axial and the circumferential directions of the three layers of 13 human coronary artery segments [5] . They fitted an anisotropic strain energy function to the stressstretch data obtained in both directions and averaged the fit parameters. In Fig. 4 , we present the stress -stretch curves from the intima and the media layers stretched in the circumferential direction. These results show that the mechanical properties have a lot of variation between the layers, but also that the strain hardening in arteries is much greater than in the multilayer PVA-C phantom. In following development, we investigated strategies to increase the strain hardening to better mimic the properties of human arteries. Two strategies are presented in the next subsections. 
FTC -stretch -FTC
In a first attempt at improving the strain hardening, we stretched a cryogel sample, and held it at constant extension while performing the FTCs. It was hypothesized that extending the solidified PVA-C specimen would stretch and align the polymer chains/entanglements. By exposing the sample to additional FTCs, we expected to partially preserve that alignment which should stiffen the specimen. To test that concept, a slab shape 10% PVA -1 FTC was stretched to a ratio of 1.5, and then submitted to one additional FTC. Tensile tests were then performed in the directions parallel and perpendicular to the stretch axis. The results are compared to a 10% PVA -2 FTC that was not stretched and to human intima and human media from literature in Fig. 5 . The results of the tensile test in the parallel axis showed a modest increase in strain hardening. However, the results of tensile test in the perpendicular direction showed a noticeable decrease of the overall stiffness. Therefore, that particular method did not give the expected effect and the hypothesis was disproved. 
Mesh
A second concept was tested to improve the strain hardening of the phantoms. This concept is to embed a mesh of stiff PVA-C in a matrix of softer PVA-C. A setup consisting of a pneumatic dispenser, a 3D motion system, and a cooling chamber was built. The pneumatic dispenser extrudes 10% PVA-H in form of fibers that are drawn into a mesh by the 3D motion system. The cooling chamber freezes the PVA-H in place. The solidified mesh is exposed to additional FTCs, and then embedded in a covering of 10% PVA-H for additional FTCs. As proof of that concept, slab shaped specimens were produced with different fiber sizes and spacing. One of the specimens was made with 10% PVA-H fibers of 1 mm diameter, and 2 mm spacing between fibers. The angle between the fibers is 134 o . This value is based on the parameter φ, averaged for the adventitia, in the paper from Holzapfel et al. [5] . It represents the angle between symmetrically aligned fibers in the model of fiber reinforced composite material they use to describe the mechanical behavior of arteries. The mesh parameters are illustrated in Fig. 6 . The frozen mesh was exposed to 5 FTCs, and then embedded in 10% PVA-H (2 mm thickness). The whole sample was finally exposed to another 2 FTCs. Fig. 7 shows the results of tensile tests performed on the mesh specimen, as well as on a portion of the matrix without mesh. The results are also compared to human intima and human media. The tests performed in the longitudinal and the transverse axis of the mesh show a small increase in strain hardening compared to the surrounding matrix. However, it is still very different from target curves for human intima and human media. Nevertheless, we believe that this particular avenue of development deserves further attention since it is inspired by the actual fibrous structure of arteries. There are many parameters that can be adjusted to further improve the strain hardening, like the mesh stiffness, the fiber size, the spacing of fibers, the angle of fiber orientation, etc. We are currently further investigating this topic. 
CONCLUSION
In summary, we have presented a method for the fabrication of multilayer tubular PVA-C phantoms. The OCT imaging of the phantoms showed the three rich -poor -rich signal layers typical of arteries. However, the homogeneity of the phantoms requires further improvement by the development of an alternate fabrication process where all layers are exposed to a constant number of FTCs. Mechanical characterization of the phantoms showed that non-linear strain hardening is obtained. However, the magnitude of the strain hardening is not yet high enough to mimic that of artery layers. An interesting avenue of research to fabricate more realistic phantoms is to embed a stiff mesh, into, and adhered to, a softer matrix creating a fiber-reinforced composite construct. This avenue is based on the actual structure of the native artery that has a preferred orientation of the fiber components, embedded in a polyglycans matrix.
